Abstract Nonalcoholic fatty liver disease (NAFLD) is the most prevalent etiology of chronic liver disease in America.
Introduction
Nonalcoholic fatty liver disease (NAFLD) is the most prevalent etiology of chronic liver disease in America, and it is being increasingly recognized worldwide [1, 2] . NAFLD is defined as hepatic steatosis in the setting of minimal alcohol use plus no other identifiable secondary cause of hepatic steatosis [3, 4••] . NAFLD can be broadly classified into two subtypes: nonalcoholic fatty liver (NAFL), which is generally considered a benign condition with negligible risk of progression to cirrhosis, and nonalcoholic steatohepatitis (NASH), which is generally considered to be harmful with substantial risk of progression to cirrhosis. NASH characteristics include lobular inflammation, hepatic steatosis typically near the central veins, and classic ballooning±peri-sinusoidal fibrosis. Nonfibrotic NASH can further progress to advanced fibrosis, cirrhosis, and hepatocellular carcinoma [5] [6] [7] . Among NAFL D patients, those with NASH have greater rates of metabolic syndrome, cardiac disease, and increased mortality than those with NAFL [8] [9] [10] . Additionally, a diagnosis of NASH with advanced fibrosis portends an even poorer prognosis [1, 10, 11] . Due to these prognostic implications, discriminating between NAFL versus NASH and advanced fibrosis is a critically important clinical question.
The current gold standard to differentiate between NAFL versus NASH and advanced fibrosis is via liver biopsy. However, due to its invasive nature, risk of bleeding (and even
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This article is part of the Topical Collection on Fatty Liver Disease * Rohit Loomba roloomba@ucsd.edu rarely death), prohibitive cost, and sampling error, liver biopsies are imperfect for diagnosis and monitoring of NAFLD [12] . Therefore, there is a pressing need for noninvasive diagnostic biomarkers to accurately identify patients with progressive etiologies of NAFLD, such as NASH and advanced fibrosis [13] [14] [15] . Multiple reviews in the past decade have discussed noninvasive biomarkers for NAFLD, so this article will concentrate on the most novel noninvasive biomarkers for NASH and advanced fibrosis in the past few years of literature.
Serum Biomarkers
Markers of Cellular Injury: CK-18, Fas Ligand, and Procollagen III Hepatocyte death is an indicator of NAFLD progression into more advanced stages of fatty liver disease. Utilizing the aforementioned pathology, serum biomarkers have demonstrated potential in predicting NASH and advanced fibrosis. Fragments of cytokeratin 18 (CK-18) have been shown to be increased in NASH and advanced fibrosis versus NAFL patients [16] . CK-18, a protein found in the liver, can be quantified with a monoclonal antibody M30 via an ELISA-based assay. A newer ELISA-based assay, M65, can detect both CK-18 fragments as well as uncleaved CK-18. Measuring the total amount of CK-18 via the M65 assay has also demonstrated potential in liver disease patients by predicting levels of steatosis and fibrosis [17] . A recent 2014 report of 424 subjects by Cusi et al. [18] demonstrated that CK-18 has strong accuracy in identifying both fatty liver disease and fibrosis. However, the study also found that CK-18 is of limited value in identifying NASH. Furthermore, Vuppalanchi and colleagues examined the clinical utility of change in CK-18 levels as a predictor or correlate of treatment response in NASH in the PIVENs trial [19•] . CK-18 performed poorly as predictor of treatment response and was not better than serum alanine aminotransferase (ALT) in predicting response to treatment in NASH. Therefore, CK-18 has potential to be included into a panel of liver injury biomarkers in NAFLD, but would not by itself be helpful in noninvasively diagnosing NASH or advanced fibrosis, and is not accurate for predicting treatment response in NASH trials. Another serum biomarker, the Fas ligand, is a transmembrane protein in the liver that induces apoptosis and has demonstrated increased levels in NASH versus NAFL [20] . A 2011 paper by Tamimi et al. [21] used both CK-18 and Fas levels to create an algorithm that accurately predicted NASH versus NAFL with a high AUROC in the training (0.93) and validation (0.79) sets. The Fas ligand has also been demonstrated to be associated with hepatic fibrosis [22] . However, its prognostic use in identifying advanced fibrosis or identifying NASH patients without fibrosis is less known. Further research is needed to validate the Fas ligand's role as a biomarker in NASH and advanced fibrosis.
Lastly, procollagen III (PIIINP) is a peptide that is cleaved during collagen turnover and is a known marker of tissue repair and fibrosis [23] . A 2013 study by Tanwar et al. [24] identified PIIINP as an accurate biomarker in discriminating between NAFL, NASH, and advanced fibrosis. They also demonstrated that, in nonfibrotic NAFLD, PIIINP could differentiate between NASH and NAFL. However, PIINP's ability to discriminate between the differing degrees of fibrosis was not significant. Therefore, further trials are required prior to this marker's clinical application.
Inflammatory Markers: Adipokines and Ferritin
The chronic inflammatory state in obese NAFLD patients has long been thought to advance NAFL to NASH and advanced fibrosis [25, 26] . Cytokines such as tumor necrosis factors, interleukins, and transforming growth factors have demonstrated associations with progression of NAFLD [27] . Adipose tissue contains adipokines, essentially cytokines of adipose tissue, which help coordinate the hyperinflammatory state that may drive fatty liver disease progression. A 2012 study by Machado and colleagues used this pathology to identify significant adipokines in a trial of NAFLD patients with morbid obesity [28] . These patients had elevated levels of leptin, adiponectin, and ghrelin. These three factors were measured and incorporated into an algorithm that demonstrated AUROC of 0.79 for identifying NASH versus NAFL in NAFLD patients. However, the role of adipokines in discriminating between stages of fibrosis was less clear.
Another well-known inflammatory marker, serum ferritin, was previously demonstrated to be increased in advanced fibrosis and NASH [29] . A 2011 study of NAFLD patients by Manousou et al. [30] found ferritin to be an independent predictor of NASH. Additionally, a 2012 study by Kowdley et al. [29] reported that ferritin was an independent risk factor of advanced fibrosis in NAFLD. However, a more recent study of 1201 Japanese patients by Yoneda and colleagues found ferritin to be of low diagnostic use in the detection and differentiation of stages of fibrosis due to multiple confounders [31] . As ferritin is elevated in a variety of chronic disease and inflammatory states, it is likely too nonspecific to have significant clinical utility in diagnosing NASH or advanced fibrosis.
Oxidative Stress
Oxidative stress is another mechanism that accelerates NAFL progression to NASH and fibrosis [32, 33] . Markers of oxidative stress such as glutathione peroxide dismutase, superoxide dismutase, and oxidized low-density lipoprotein have demonstrated utility in predicting NASH and advanced fibrosis [34, 35] . Elevation of the oxidation products of linoleic and arachidonic acid have also been demonstrated to accurately discriminate between NAFL and NASH in NAFLD patients [36, 37] . In addition, recent research on vitamin E's ameliorative effects on NASH progression provides further evidence of the role of oxidation in disease progression [38] . Though this research has been promising, further elucidation and trials of the ideal markers of oxidative stress are needed before clinical applications can occur.
Lipotoxicity
Lipotoxicity is also thought to be one of the mechanisms underlying progression of NAFL into NASH and advanced fibrosis. It was recently demonstrated that plasma eicosanoids as well as metabolites of polyunsaturated fatty acids (PUFA) could help identify NAFL versus NASH [39••] . In this pilot study, 11, 12-dihydroxy-eicosatrienoic acid (11, was identified as the most specific PUFA to differentiate between NAFL and NASH (AUROC of 1). The authors also identified a comprehensive panel, which included 20-carboxy arachidonic acid (20-COOH AA) and 13, 14-dihydro-15-keto prostaglandin D 2 (dkPGD2), which also had an AUROC of 1. These findings, although extremely encouraging, require extensive validation in larger future studies.
In summary, multiple trials of serum biomarkers have demonstrated utility in discriminating NASH and advanced fibrosis from NAFL. Although many studies have been promising, their lack of commercial availability and limited number of validated trials demonstrate that further analyses are needed prior to widespread clinical use.
Clinical Predictor Models
In order to better identify the risk of NASH and advanced fibrosis, various clinical predictor models have been proposed over the past several decades. Well-validated predictors include obesity [40, 41] , age [40] [41] [42] [43] , hypertension [44, 45] , and hypertriglyceridemia [40] , but their accuracy in diagnosing NASH or staging fibrosis is poor. As clinical predictor models are a fast, easy method for general practitioners to identify at-risk NAFLD patients, their development is crucial to management of this disease.
A common method frequently used in practice is the NAFL D fibrosis score. Developed in 2007 by Angulo et al. [46] , the authors determined that hyperglycemia, albumin, age, body mass index (BMI), platelet count, and aspartate aminotransferase (AST)/alanine aminotransferase (ALT) ratio were solitary predictors of advanced fibrosis. They identified that, among their cohort of over 700 individuals, 75 % would not have been biopsied with correct prediction in 90 % of them. They summarized that the NAFLD fibrosis score can accurately identify whether advanced fibrosis is present in NAFL D. A meta-analysis in 2011 that included 13 studies and over 3000 patients found that the NAFLD fibrosis score had a high AUROC (0.85) in prediction of advanced fibrosis [47] . The NAFLD fibrosis score is widely used due to its ease of use and the accessibility of clinical tests.
Another popular model, the BARD score, is composed of BMI, diabetes, and AST/ALT ratio, and is an even simpler method to determine fibrosis risk [48] . The BARD score was created by a retrospective analysis of 827 patients in 2008 that demonstrated a high negative predictive value (NPV) of 96 %. With easily identifiable risk factors (BMI, diabetes, and AST/ALT ratio) and a simple method of ruling out patients, the BARD score is popular among general practitioners. However, its low positive predictive value (42 %) caused many patients without NASH or fibrosis to be included as high-risk patients. This led to a retrospective 2013 study of 107 patients by Lee et al. [49• ] that added International Normalized Ratio (INR) to the BARD score to create a BARDI score. When compared to BARD, BARDI demonstrated an improved PPV (51.0 %) and kept a similar NPV (100 %).
More recent clinical predictor models have been created in the last few years with promising findings. The FIB-4 index (AST, ALT, platelets, age) has demonstrated superiority in a validation study to BAAT, ELF, AAR, AP index, APRI, BARD, and NAFLD fibrosis score [50] . The OxNASH score, which uses BMI, age, AST, and 13-(S)-hydroxyoctadecadienoic acid (13-HODE), has demonstrated accuracy as a prognostic indicator of NASH and staging of fibrosis [37] . Finally, a 2014 trial by Cao et al. [51] combined CK-18, ALT, platelets, and triglycerides to create a scoring system that had significant positive correlation with staging fibrosis. Predicting NASH in their cohort had an AUROC of 0.920, although this has not yet been externally validated.
In summary, clinical predictor tools have demonstrated strong associations with predicting NASH and staging fibrosis. As their components are generally inexpensive and readily available, they are useful tools for practitioners in initiating management of fatty liver disease. Table 1 summarizes clinical predictors and biomarkers for identifying NASH, while  Table 2 summarizes clinical predictors and biomarkers for identifying advanced fibrosis.
Imaging Tools
Recent innovations in imaging are demonstrating potential to help diagnose NASH and advanced fibrosis. Although there are no current imaging techniques that directly measure hepatic fibrosis, there are tests that can indirectly detect fibrosis via tissue stiffness, perfusion, and texture, among others. The leading biomarker among these indirect tests is liver stiffness, also called elasticity. Tissue elasticity is simply the relative softness of a tissue. As liver fibrosis increases due to collagen deposition and parenchymal rigidity, its elasticity decreases. The imaging techniques that display elastic properties of tissue are collectively called Belastographyâ nd will be discussed below. Transient elastography (TE) measures liver elasticity via a specialized bedside ultrasound. A TE probe vibrates the skin to generate a Bshear wave^that moves through the skin into hepatic tissue. A specialized transducer identifies the speed of the sheer wave to determine elasticity. It is a quick, painless, and easy-to-perform test that has demonstrated accuracy in both identifying and staging fibrosis [52] [53] [54] . However, TE has its limitations. It is an operator-dependent ultrasound, needs different probes for obese or pediatric patients, and is not reliable in patients with ascites because the shear wave is distorted by fluid.
Due to the limitations of TE, specifically in obese or ascites patients, another ultrasound method, acoustic radiation force impulse elastography (ARFI), has gained popularity. ARFI has demonstrated ability to diagnose fibrosis and separate more advanced fibrosis (F3-F4) from less advanced fibrosis (F0-F2) with similar accuracy to TE [55••, 56-58] . ARFI uses a conventional US probe that produces an acoustic pulse to mechanically excite tissue. The tissue creates a propagating shear wave opposite to the area of excitation and measurement of resulting displacement is taken. Its mechanism of action is an improvement on TE because the acoustic energy pulse does not change with obesity or ascitic fluid. A recent metaanalysis of 1163 patients with biopsy-proven fibrosis demonstrated that inability to record consistent readings occurred three times more often with TE compared to ARFI [56] . Additionally, ARFI can be focused on specific regions of interest to measure varying depths in distinct areas of the liver. Lastly, a full sonographic evaluation of the liver can be done at the same time as ARFI, which is not possible with TE.
Another US technique, shear wave elastography (SWE), uses acoustic pulses like ARFI to transmit energy into the tissue of interest. The tissue's elasticity is measured by how fast the resulting shear wave travels through the tissue and a quantitative estimate of tissue stiffness is calculated. Like ARFI, SWE has real-time imaging capabilities and visualizes images in 2D, which cannot be done with the 1D model of TE. Additionally, SWE uses a higher frame-rate B-mode image which theoretically may be more accurate in staging fibrosis [59] . Multiple trials have demonstrated SWE to have at least similar accuracy to TE and ARFI in staging fibrosis [60, 61, 62••] . Other studies, however, have found that SWE could not accurately discriminate between stages of fibrosis [63] .
Each of the US techniques mentioned (TE, ARFI, and SWE) have demonstrated potential accuracy in identifying and discriminating between stages of fibrosis. However, there are no studies that unequivocally demonstrate the superiority 
; APRI AST platelet ratio index; PNFS pediatric NAFLD fibrosis score of one method and they each have various pros and cons (see Table 3 ). Additionally, current US techniques have not demonstrated a consistent ability to accurately diagnose NASH in patients without fibrosis. As up to 40 % of NASH patients do not have any fibrosis, these imaging modalities are limited in separating NAFL from NASH without fibrosis [64, 65] .
The final imaging modality we will discuss, magnetic resonance elastography (MRE), resolves some of the problems faced by US but has deficiencies of its own. MRE records shear waves to generate a stiffness map of the liver via placing regions of interest [66] . MRE can measure in two or three planes, analyze a larger surface area of the liver (or the entire liver) than US-based modalities, and is not limited by ascites and/or obesity. Studies have suggested MRE has higher accuracy compared to TE and APRI for discriminating fibrosis [67] [68] [69] 70 ••]. Additionally, a 2011 study by Chen et al. [71••] demonstrated that MRE can accurately identify individuals with NASH prior to fibrosis and had an AUROC of 0.93 for differentiating between NAFL and NASH. However, no further publications have reached this conclusion, so validation is still needed.
A 2014 prospective trial of 117 individuals with NAFLD found that 2D-MRE successfully discriminated between less (stage 0-2) and more advanced fibrosis (stage 3-4) with an AUROC of 0.924 [70••] . This single-center study showed that MRE has potential as a noninvasive tool in predicting and diagnosing advanced fibrosis in NAFLD patients. However, multicenter studies are imperative in further validating these findings. Additionally, current studies such as the MOZART trials are demonstrating how combining imaging modalities (in this case a co-localization of MRI-PDFF (proton density fat fraction) derived fat maps and MRE-derived stiffness maps of the liver) before and after treatment can be used to noninvasively assess treatment response in NASH [72] . [73••, 74] . The utility of US, 2D and 3D MRE, or a combination of multiple imaging modalities to assess treatment response in NASH and anti-fibrotic trials remains to be assessed.
Breath Tests
As metabolites of oxidative products are often elevated in chronic inflammatory disease, studying these metabolites may have utility in NAFLD. Using this theory, a 2013 study by Verdam et al. [75] analyzed respired breath of 65 subjects. They found that NASH could be accurately predicted by three volatile organic compounds (VOC): n-tridecane, 3-methylbutanonitrile, and 1-propanol with an AUROC of 0.77 in differentiating NASH from non-NASH in NAFLD patients.
Another breath test trial, by Banasch and colleagues [76] , utilized mitochondrial dysfunction in the pathology of fatty liver disease. They measured levels of (13)C-methionine, which is an indicator of mitochondrial function in the liver. They found that (13)C-methionine accurately predicted levels of fatty liver disease activity as decreased exhalation of the compound correlated with increased rates of fibrosis and NASH. Among the total cohort, AUROC for NASH was 0.87 compared to 0.83 for patients with mild or no fibrosis.
Although relatively new, breath tests are demonstrating potential to be useful in predicting NASH and fibrosis. Further trials and validation trials are required.
Genetic Factors
The study of genetic factors in NAFLD is a rapidly growing field. Multiple Genome Wide Association Studies (GWAS) are demonstrating the roles that various genes play in increasing risk of fatty liver disease. For example, patatin-like phospholipase 3 (PNPLA3) has been demonstrated to be a genetic risk factor for presence of hepatic steatosis and presence of NASH [77] [78] [79] . The PNPLA3 gene has also recently shown associations with increased risk of fibrosis and hepatocellular carcinoma [80, 81] . Another gene, apolipoprotein C3 (APOC3), was demonstrated in a 2010 study by Peterson and colleagues to be associated with NAFLD [82] . However, subsequent trials of 470 patients by Verrijken et al. [83] and Sentinelli et al. [84] found that APOC3 had no association with NAFLD.
More recently, variants of the TM6SF2 genotype have been correlated with higher rates of NASH and advanced fibrosis [85, 86•] . Interestingly, Dongiovanni and colleagues demonstrated that patients with the E167K variant of TM6SF2 had a decreased incidence of cardiovascular events despite increased likelihood of NASH and advanced fibrosis. Variants of TM6SF2 are thought to inhibit hepatic excretion of very low-density lipoprotein (VLDL), thereby increasing fat in the liver but decreasing circulating VLDL. There are several other SNPs that have been associated with NAFLD, and due to space limitations, we were not able to include all genetic association studies in this section and would refer the readers to previous reviews on the topic for further details [87, 88] .
Conclusions
Advancements in noninvasive testing for NASH and advanced fibrosis continue to demonstrate promise in helping diagnose and manage fatty liver disease. Clinical predictor models are already in widespread use and often direct practitioners away or towards a liver biopsy. Serum biomarkers, genetic tests, and breath tests have shown strong potential to change how we screen and diagnose patients in the near future. Finally, the emergence of novel imaging tools will conceivably change clinical practice in the coming years. Although pathological examination of liver tissue is still the gold standard in diagnosis of NASH and advanced fibrosis, the emergence and continued improvement of various noninvasive biomarkers are altering how we predict and manage fatty liver disease.
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